To compare computerised and conventional methodology of radiographic joint destruction assessment in early rheumatoid arthritis (RA).
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects the joints of predominantly hands and feet. The Sharp-van der Heijde (SvdH) scoring method is currently the gold standard for assessment of radiographic progression in RA clinical trials, consisting of assessments of both erosions and joint space narrowing ( JSN). 1 2 However, over the past years, treatment of RA has been significantly improved by 'tight control' and 'treat-to-target' strategies, [3] [4] [5] as well as the introduction of
Key messages
What is already known about this subject?
▸ Computerised methods have the potential to improve the discriminative power of radiographic progression assessment in particular in the early stage of rheumatoid arthritis. ▸ Conventional and computerised joint space narrowing (JSN) assessment procedures of hand joints take into account different joints and make use of different scoring strategies.
What does this study add?
▸ The joints not included in the computerised JSN assessment have a limited contribution to JSN (progression) scores. ▸ The JSN ( progression) scores determined by an individual joint-based method (reflecting computerised reading) and the conventional Sharp-van der Heijde (SvdH) method are not significantly different on the group level.
How might this impact on clinical practice?
▸ The methodological differences between conventional and computerised JSN assessment of hand joints have limited influence on JSN scores. This increases the feasibility to use computerised methods in clinical trials and maybe even in clinical practice.
biological treatment regimens. 6 7 As a result radiographic progression has significantly decreased and it is important that scoring methods are sensitive to be able to detect small changes, particularly in the early stage. 7 8 In order to try to improve the discriminative power of radiographic progression assessment, researchers are focusing on computerised analysis. Computerised analysis uses continuous rather than ordinal scales for radiographic joint destruction quantification, an inherent advantage over conventional scoring methods. On the contrary, computerised analysis is less rater dependent and possibly more time efficient. So far, the computerised joint destruction assessment mainly focuses on the early stage of RA, with subtle to mild joint destruction. Predominant attention has been paid to JSN via joint space width ( JSW) quantification. Research on erosions, however, is still limited since reconstructing an accurate original bone contour is difficult for computers owing to large shape variation of hand bones; estimating erosion volumes from the projected images is even more challenging. As for computerised quantification of JSW, several promising results have been achieved. For instance, fully automatic JSW quantification can be conducted on finger joints and semiautomatic JSW quantification (manual involvement required) can be performed on foot joints and some wrist joints. [9] [10] [11] In spite of these encouraging achievements, there are some issues to be addressed, which are related to methodological differences with the conventional scoring methods. In the present paper, we have focused on two issues.
The first issue concerns the difference in the joints to be assessed between the computerised and the conventional scoring methods. So far, no computerised method is able to assess JSW of the third through the fifth carpometacarpal joints (CMC3-5) accurately, owing to bone overlapping in the two-dimensional (2D) plane (see online supplementary figure S1 for an image of the wrist joints used for JSN assessment). Excluding the CMC3-5 joints in the computerised assessment could be a compromise, but the influence on total JSN needs to be established. Several studies support low JSN incidence rates of the CMC3-5 joints. 12 13 However, since with the modern effective treatments the progression per year in total Sharp score is small, Landewé et al 13 concluded that every joint that shows progression contributes to the individual total Sharp progression score. Still, the percentage of patients having JSN or progression of JSN in CMC3-5 joints was below 4% and 2%, respectively. We aim to explore the contribution of the CMC3-5 joints to JSN in a cohort of patients with early RA, to examine to what extent excluding the CMC3-5 joints from the conventional SvdH scores influences joint destruction assessment.
The second issue concerns the difference between the reading strategies of the computerised method and the conventional SvdH scoring method. To assess joint radiographic progression in clinical trials with the conventional SvdH method, surrounding joints of the same hand (or foot) as well as radiographs of both the previous and the follow-up time points are taken into account. 14 15 In contrast, computerised assessment of joint destruction is purely mathematical and so far based on an individual joint at a single time point only, making it a different assessing procedure. This may result in different scores between the two methods. An advantage of the conventional SvdH scoring method is that image acquisition errors due to possible hand rotation can be reduced by observing the surrounding joints. However, this advantage may become less pronounced now because hospitals increasingly standardise the image acquisition procedure so as to obtain a reproducible assessment. Therefore, in this study, we investigated the agreement between individual joint-based scoring making use of a single time point only (to simulate the computerised assessment method) and the conventional SvdH scoring method under the current radiograph acquisition conditions, as to examine the feasibility of using individual joint-based computerised methods for assessment of radiographic progression. In addition, we investigated the influence of excluding the CMC3-5 joints from the individual joint-based scoring method.
MATERIALS AND METHODS Patients
For the first analysis radiographs of all patients included in the 2-year double-blind randomised placebocontrolled Computer-Assisted Management of Early RA (CAMERA) I and II trials were used. These studies have been extensively described previously. 4 16 In short, patients fulfilled the 1987 revised American College of Rheumatology (ACR) criteria for RA, 17 were diseasemodifying antirheumatic drug (DMARD) naïve and had disease duration of <1 year. Radiographs of baseline, 1 and 2 years of follow-up were available of 392 patients (219 of CAMERA I and 173 of CAMERA II).
For the second analysis 59 of 70 preselected early DMARD naïve patients with RA were included, with annual radiographs available at three consecutive time points. The exclusion reasons for the 11 patients were wrist incompleteness and unreadable low-quality images.
All patients included have given informed consent according to Dutch medical ethical regulations.
Scoring of radiographic joint damage
In the first group of patients radiographs were scored according to the conventional SvdH method by two blinded rheumatologists, of which the consensus score was used as described in the original publications. 4 16 In the second group of patients two raters scored using two different reading methods with the assistance of a newly developed software package (Imaging Sciences Institute, UMC Utrecht). Scorings using two reading methods were conducted with a 4-week interval.
In the first reading method, a prelocated (by the operator) individual joint of a single time point (IJSTP) could be observed. In the second reading method, all joints of one region (eg, metacarpophalangeal (MCP) joints of the right hand) and the follow-up images displaying the same region were visible. Scale rulers were attached to the interface of both reading methods to aid scoring (see online supplementary figure S2). For clarity, only manual scoring was performed, but we simulated computerised scoring ( purely mathematical based on an individual joint at a single time point only) by scoring IJSTP, which is an important characteristic of computerised JSN assessment. We compared this with conventional manual scoring, by scoring joints while taking into account surrounding joints and multiple time points, which is an important characteristic of conventional manual scoring according to the SvdH method.
Contribution of the CMC3-5 joints to the incidences of JSN and JSN progression
The first aim is to investigate to what extent excluding the CMC3-5 joints influences joint destruction assessment. The incidence of JSN at baseline and the incidence of JSN progression during the 2-year trial period for each type of joint were investigated. JSN was defined as a score ≥1 and JSN progression was defined by a change in JSN score. The incidence was calculated by dividing the number of each type of joint affected by JSN (or JSN progression) by the total number of joints with the same type in the cohort (twice the number of patients because both left-sided and right-sided joints were included). Additionally, to provide the relative contribution of each joint type to the total incidence of JSN (or JSN progression), the percentage of each type of joint affected by JSN (or JSN progression) relative to the total number of joints affected by JSN (or JSN progression) was calculated. Since measuring JSW of the CMC3-5 joints is a specific challenge for computerised JSN assessment in RA, we also calculated the score percentages of the affected CMC3-5 joints relative to the JSN and the total SvdH scores and progression scores.
Agreement between IJSTP scoring and conventional SvdH scoring methods for assessment of progression Since progression scores rather than status scores are most critical for monitoring RA activity and assessment of effectiveness of drug treatment, the agreement between the progression scores of the IJSTP and the conventional SvdH scoring method were investigated. The influence of the exclusion of the CMC3-5 joints from the IJSTP method on radiographic progression was evaluated via agreement analysis with the conventional SvdH scoring method. In the study, the average of the two independent raters was used. Bland and Altman plots were created for both JSN and erosion progression scores to visualise the agreement between the two scoring methods for individual participants. In addition, two-way random absolute agreement intraclass correlation coefficient (ICC) analyses were determined, along with 95% CIs. Analysis of variance were used to estimate the variance components corresponding to all sources of variation. For this simple design in which patients were crossed with time, variance components can be estimated by the random effects model for the three sources of variations: patient (s 2 p ), time(s 2 t ) and residual (s 2 pt;e ). To examine the efficiency of the two reading methods on progression assessment, signal-to-noise ratios of the progression scores were calculated. This was done by dividing the square root of signal variance s 2 t by the square root of noise variance s 2 pt;e . 18 19 To determine statistically significant differences in progression between the two scoring methods a linear mixed model was fitted to the data, making use of a random intercept. Scoring method (using conventional SvdH scoring as reference), follow-up time (linear) and the interaction between scoring method and follow-up time were included in the model as independent variables. A p value <0.05 was considered statistically significant. IBM SPSS Statistics, V.21, was used for all statistical analyses.
RESULTS

Contribution of the CMC3-5 joints to the incidences of JSN and JSN progression
Of the 392 patients, 72 patients (18%) had at least one joint with a JSN score ≥1 at baseline and 103 (26%) patients had progression of JSN during the 2-year trial period. Figure 1 shows the JSN incidence of each type of joint at baseline (left y axis). At the right y axis the percentage of individual joints relative to the total number of joints affected by JSN (relative contribution to JSN damage) is shown. The most frequently affected joint was MTP-1, with a JSN incidence of 4.5%. The most frequently affected hand joint was present in the wrist (multangular-navicular joint, MNA, 3.1%). The JSN incidence of the finger joints was not as high as the MTP-1 or MNA joints, but the total contribution of the finger joints to the number of joints affected by JSN was still considerable (24.2%). Figure 2 provides the percentage of the joints that showed JSN progression in the first 2 years. The MTP-1 and MNA joints were most frequently affected by JSN progression and contributed the most to the total number of joints affected by JSN progression.
Next, we focused on the CMC3-5 joints because of the difficulty in obtaining an automatic JSN assessment of these joints. Overall, the CMC3-5 contributions to JSN assessment were limited. The incidence of the CMC3-5 joints at baseline was relatively low, with a sum of <1%. The percentage of the CMC3-5 joints affected by JSN was 3.9% relative to all the joints affected by JSN at baseline, and 6.6% of all the joints showed JSN progression during the 2-year period.
Exclusion of the CMC3-5 joints resulted in a decrease of 2.8-4.2% and 1.3-2.0% compared with the original scores, respectively, for the JSN and the total SvdH score at the three time points ( figure 3A,B) . The JSN and total SvdH progression scores for the first year and the 2-year period decreased with 1.9-4.6% and 0.8-2.1%, respectively ( figure 3C,D) . The raw data are shown in online supplementary table S1.
Agreement between the IJSTP and conventional SvdH scoring methods for assessment of progression Next we investigated the agreement between the IJSTP and conventional SvdH scoring methods for JSN progression scores. Bland and Altman plots are shown in figure 4 . The score differences concern the scores of the IJSTP scoring method (with and without the CMC3-5 joints) minus the scores of the conventional SvdH scoring method. Compared with the conventional scoring method, IJSTP scoring with and without the CMC3-5 joints both systematically underscored JSN progression (difference −0.3 to −0.2 and −0.5 to −0.4, respectively). However, compared with the total progression scores, these systematic differences were relatively small (see online supplementary table S2 for the mean status and progression scores).
The two-way random absolute agreement ICCs for the JSN progression scores were high for both follow-up time points using the IJSTP method with and without the CMC3-5 joints, with values 0.71 to 0.81 and 0.69 to 0.78, respectively.
The signal-to-noise ratios for JSN progression as derived from the conventional SvdH scoring method and the IJSTP scoring methods with and without the CMC3-5 joints were 0.58, 0.51 and 0.57, respectively.
Compared with the conventional SvdH scoring method, IJSTP with and without the CMC3-5 joints both detected somewhat less JSN progression. However, CIs were largely overlapping and these differences are therefore not statistically significant (see table 1 ).
For all data regarding erosion results see online supplementary results section. 
DISCUSSION
In this study, we evaluated two methodological differences between computerised scoring and conventional SvdH scoring of JSN ( progression): (1) so far no computer-based method is able to evaluate CMC3-5 joints (owing to bone overlapping) which are included in the SvdH scoring method; (2) computer-based assessment of JSN ( progression) is individual joint and single time point based, while the conventional SvdH scoring method takes into account the surrounding joints and may take the previous and the follow-up time points into account. The aim of the study was to explore to what extent excluding the CMC3-5 joints influenced JSN ( progression) scores as well as the feasibility of using an IJSTP-based method for assessment of JSN ( progression) in the early stage of RA.
We showed low incidence rates of affected CMC3-5 joints, and small contributions of the CMC3-5 joints to the JSN and the total SvdH ( progression) scores. Excluding the CMC3-5 joints has a limited influence on JSN assessment on group level, with a progression score decrease of 1.9-4.6% for the first year and the 2-year period. Our observation was in line with that of Hulsmans et al, 12 but differed slightly from what Landewé et al 13 have shown, in terms of individual proximal interphalangeal (PIP) and MCP joint incidences (a lower incidence of the affected PIP joints and a higher incidence of the affected MCP joints were shown in their study). The most likely explanation is the difference in the study cohorts because Landewé et al only included early methotrexate (MTX) naïve patients with RA and established patients with RA failing successful MTX treatment and our cohort consisted of early MTX naïve patients with RA with either prednisone or placebo. Although excluding the CMC3-5 joints has a limited influence on JSN assessment on group level, we admit that it has a potential risk of JSN misdetection for a single patient with predominant CMC3-5 joint destructions. This is the inevitable downside of the joint exclusion, but on a group level this would have minor relevance.
The feasibility of using individual joint-based computerised methods for RA assessment in the early stage was investigated by evaluating the agreement in progression score between the IJSTP scoring method (simulating computerised assessment methods) and the conventional SvdH scoring method. To the best of our knowledge, there is no literature available to compare our results with. Our study shows that the mean score difference between the two scoring methods was relatively small and there was no statistically significant difference between the progression scores of the two reading methods on the group level. These results suggest that individual joint-based computerised methods might assess joint damage progression in a reliable manner in the early stage of RA. As expected, exclusion of the CMC3-5 joints from IJSTP scoring resulted in only a slight decrease in progression scores. These small differences may not relevantly affect the comparison of treatment arms in clinical trials. Despite good statistical agreement of the results using the two scoring methods, we should notice the limited power of the study due to the small number of patients involved. While both IJSTP and conventional SvdH scoring detected yearly joint damage progression, the mean JSN progression score and signal-to-noise ratio were somewhat lower for the IJSTP scoring method than for the conventional SvdH scoring method. The assessment procedure of the current computerised method therefore still has room for improvement, for example, using the radiograph longitudinal information for abnormal JSW change detection and rectification. In addition, computerised radiographic progression assessment may benefit from standardised procedures in acquisition conditions, such as using a hand mold. 
